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Description
Technical Field

[0001] The presentinvention relates to alightreceiving
element, a semiconductor epitaxial wafer, and a detect-
ing device, all of which receive light in the near- to mid-
infrared region, a method for manufacturing the light re-
ceiving element, and a method for manufacturing the
semiconductor epitaxial wafer.

Background Art

[0002] Lightin the near- to mid-infrared region corre-
sponds to an absorption spectrum region related to bio-
logical objects such as plants and animals and the envi-
ronment. Therefore, the development of a photodetector
in the near- to mid-infrared region, the photodetector in-
cluding a light-receiving layer composed of a group IlI-V
compound semiconductor, has been conducted. A
known example of a detector that converts photo-induced
charge into an output signal includes a light receiving
element array in which the responsivity is extended to a
wavelength of 2.6 um by using extended-InGaAs as a
light-receiving layer, and a complementary metal-oxide
semiconductor (CMOS) functioning as a read-out inte-
grated circuit (ROIC) is connected to the light receiving
element array (NPL 1). The light receiving element array
includes awindow layer composed of InAsP that s lattice-
matched with the InGaAs light-receiving layer.

[0003] It has also been reported that a p-i-n-type pho-
todiode including a light-receiving layer having a type-Il
multiple quantum well structure (MQW) composed of In-
GaAs/GaAsSb and a p-type pixel region has a respon-
sivity up to a wavelength of 2.5 pm (NPL 2).
Alightreceiving element including a GaSb substrate and
a light-receiving layer provided on the GaSb substrate,
the light-receiving layer having a type-Il MQW composed
of (InAs/GaSb) has also been proposed (NPL 3). It is
described that this light receiving element has a respon-
sivity up to a wavelength of close to 12 pm.

A light receiving element having an n-B-n (n-type layer/
barrier layer/n-type layer) structure in which a light-re-
ceiving layer having a type-ll MQW composed of (InAs/
GaSb) is provided on a GaSb substrate and a barrier
layer is arranged in the middle of the light-receiving layer
has also been proposed (NPL 4). As compared with the
p-i-n structure, the n-B-n structure is advantageous in
that, since diffusion of a hole is used for detecting light,
the depth of mesa etching for pixel isolation can be made
small and a noise current flowing in a side wall of a mesa
structure can be reduced.
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Disclosure of Invention
Technical Problem

[0005] However, in the InGaAs photodetector (image
sensor) for near- infrared described in NPL 1, the light-
receiving layer is composed of InGaAs having a compo-
sition which is not lattice- matched with an InP substrate.
Consequently, the dark current of the photodetector in-
creases, therebyincreasing noise. In addition, itis difficult
to realize a detectable wavelength of more than 2.6 um.
Regarding the light receiving element described in NPL
2, no example in which the responsivity reaches a wave-
length of 3 wm has been reported.

The light receiving element described in NPL 3 has a
problem in terms of mass productivity because the GaSb
substrate is expensive and the quality of the substrate
significantly varies. A particularly serious problem is that,
since GaSb has light absorption due to a free carrier in
the mid- infrared region, the responsivity is decreased in
a structure in which light is incident from the rear surface
of the GaSb substrate, the structure being necessary for
arrayed pixels.

The light receiving element described in NPL 4 has the
same problems as in NPL 3 and has difficulty in terms of
mass productivity.

[0006] An object of the present invention is to provide
alightreceiving element, a semiconductor epitaxial wafer
used for preparing the light receiving element, and a de-
tecting device, all of which have a high responsivity over
the near- to mid-infrared region and stably have a high
quality, a method for manufacturing the light receiving
element, and a method for manufacturing the semicon-
ductor epitaxial wafer. Solution to Problem

[0007] A light receiving element according to the
present invention is formed by using a group IlI-V com-
pound semiconductor. The light receiving element in-
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cludes an InP substrate thatis transparent to light having
a wavelength of 3 to 12 um, a buffer layer located in
contact with the InP substrate, and a light-receiving layer
having a multiple quantum well structure and located in
contact with the buffer layer. The light-receiving layer has
a cutoff wavelength of 3 um or more and is lattice-
matched with the buffer layer. The buffer layer is epitax-
ially grown on the InP substrate while a value of |a, -
a4|/aq exceeds a range of a normal lattice-matching con-
dition, where a, represents a lattice parameter of the buff-
er layer and a, represents a lattice parameter of the InP
substrate, and the buffer layer is constituted by a GaSb
layer.

[0008] Ina group llI-V compound semiconductor, a lat-
tice parameter is changed by changing the composition
of elements. Accordingly, in general, the composition of
an epitaxial layer is finely changed such that a lattice
parameter of the epitaxial layer is matched with a lattice
parameter of an underlayer when the epitaxial layer is
grown.

Thus, a layered body of a group IlI-V compound semi-
conductor having a low lattice defect density is formed,
and a dark current, which is one of the most important
indices in a light receiving element, can be reduced. Re-
ducing the lattice defect density is necessary in order to
obtain a certain level of characteristics not only in light
receiving elements but also other semiconductor ele-
ments. Reflecting these circumstances specific to group
111-V compound semiconductors or specific to compound
semiconductors that are not limited to group 1lI-V com-
pound semiconductors, it is assumed that a low lattice
defect density is important. In this case, the degree of
lattice mismatch |s4 - s,|/(s, or s4) where s, represents
a lattice parameter of an underlayer and s, represents a
lattice parameter of an upper layer grown on the under-
layer is preferably as small as possible. For example, in
InGaAs/InP-based compound semiconductors, the de-
gree of lattice mismatch is preferably (0.002 to 0.003) or
less. Itis generally known that the term "lattice matching"
refers to a case where the degree of lattice mismatch is
0.005 or less. Considering these together, a range of a
degree of lattice mismatch of 0.005 or less can be con-
sidered to be the range of the normal lattice-matching
condition. The phrase "exceeds a range of a normal lat-
tice-matching condition" means that the degree of lattice
mismatch exceeds 0.005.

However, in reality, the threshold value of the degree of
lattice mismatch depends on the materials. Accordingly,
in GaSb/InP-based materials, which are the focus of the
present invention, a layered body of a group IlI-V com-
pound semiconductor having a good crystal quality can
be formed even when the degree of lattice mismatch is
high. Under the lattice-matching condition determined by
normally introducing only the lattice parameters, whether
ornotanupperlayer is epitaxially grown on an underlayer
cannot be determined. The presentinventionis aninven-
tion which is based on demonstrated data and to which
such an example applies.
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Herein, the reason why the phrase "the buffer layer is
epitaxially grown on the InP substrate" is used without
using a phrase "the buffer layer is lattice-matched with
the InP substrate” is as follows. The term "lattice match-
ing" may imply that a lattice parameter of a growth layer
and a lattice parameter of a layer on which the growth
layer is grown are close to each other. In order to avoid
such misunderstanding, the phrase "epitaxially grown" is
used. Inotherwords, the phrase "epitaxially grown" refers
to a case where a growth layer is grown at a low lattice
defect density while maintaining "lattice matching" or
"substantial lattice matching" even though a lattice pa-
rameter of the growth layer is significantly different from
a lattice parameter of a layer on which the growth layer
is grown.

According to the above structure, a buffer layer that does
not match with a lattice-matching condition is formed on
an InP substrate, which is known to have a good crystal
quality, and a light-receiving layer having an MQW, the
light-receiving layer being lattice-matched with the buffer
layer, can be formed on the buffer layer. Since the band-
gap of InP is 1.35 eV, the InP substrate does not absorb
light in a wavelength range to be received by the light-
receiving layer having a cutoff wavelength of 3 um. The
bandgap of 1.35 eV corresponds to a short wavelength
of a little less than 1 um. Therefore, in a light receiving
element including two-dimensionally arrayed pixels, on
which light must be incident from the rear surface of the
substrate, the target lightis not absorbed by the substrate
and thus a high responsivity can be maintained. In the
case where an MQW having a cutoff wavelength of 3 um
or more is formed, a substrate composed of a group llI-
V compound semiconductor having a lattice parameter
larger than that of InP (lattice parameter: 5.869 A) is typ-
ically used even in the case where the MQW is a type-II
MQW. Even when the transition energy of an electron in
light reception is reduced by using a type-ll MQW, a sub-
strate having a lattice parameter larger than that of InP
is necessary in order to realize a long wavelength (small
transition energy) of a cutoff wavelength of 3 um. A sub-
strate having a lattice parameter larger than that of an
InP substrate absorbs light in the near- to mid-infrared
region due to various factors including the large lattice
parameter. Since the substrate has a large thickness,
the absorption of target light by the substrate causes a
significant decrease in the responsivity.

[0009] By interposing a bufferlayer composed of GaSb
as described above, an MQW having a cutoff wavelength
of 3 wm or more is formed on an InP substrate, and thus
a light receiving element having a high responsivity in
the near- to mid-infrared region can be obtained. An InP
substrate having a good crystal quality can be stably ob-
tained, as described above. Accordingly, even if the lat-
tice defect density is taken over to an upper layer, an
MQW having a good crystal quality can be stably ob-
tained and the dark current can be reduced. The stable,
good crystal quality of an InP substrate makes charac-
teristics of the resulting light receiving element uniform
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and improves the yield. Furthermore, an InP substrate is
excellent in terms of mass productivity because itis pos-
sible to obtain a substrate having a diameter larger than
the diameters of substrates composed of other group IlI-
V compound semiconductors.

[0010] Inthe case where an MQW is formed by repeat-
ing a pair of an a layer and a b layer, the lattice parameter
of the MQW is determined by a periodicity of an X-ray
diffraction (XRD) pattern. The lattice parameter of the
buffer layer is the average over the entire thickness of a
buffer layer having a predetermined thickness and grown
on an InP substrate, but is substantially the same as a
lattice parameter specific to the material, the lattice pa-
rameter being described in a handbook or the like.
[0011] The buffer layer is constituted by a GaSb layer.
Alternatively, the buffer layer may be a layer having the
same crystal properties as a GaSb layer in terms of the
relationship with an InP substrate (hereinafter, referred
to as "a layer equivalent to a GaSb layer"). Herein, the
phrase "having the same crystal properties as a GaSb
layer in terms of the relationship with an InP substrate
(hereinafter, referred to as "a layer equivalent to a GaSb
layer")" means that the layer contains Sb, has a lattice
parameter substantially the same as that of a GaSb layer,
and is epitaxially grown in the manner described above,
though the lattice-matching condition with an InP sub-
strate deviates from the range of the normal lattice-
matching condition. The phrase further means that a
light-receiving layer can be formed on the layer equiva-
lent to a GaSb layer so as to be lattice-matched with the
layer.

With this structure, a light-receiving layer having a re-
sponsivity on the long-wavelength side can be epitaxially
grown on an InP substrate with a GaSb (lattice parameter
a, =6.095 A) layer or a layer equivalent to a GaSb layer
therebetween, the GaSb layer or layer equivalent to a
GaSb layer having a lattice parameter larger than a lattice
parameter of InP (lattice parameter a; = 5.869 A). The
thickness of the buffer layer is not particularly limited but
is preferably 0.2 um or more. When the thickness of the
buffer layer is less than 0.2 um, the following problem
occurs. Specifically, inthe case where aground electrode
is provided in a buffer layer, when epitaxial layers are
etched from an upper layer to a position corresponding
to a predetermined thickness of the buffer layer, it is nec-
essary to stop the etching in the buffer layer. When the
thickness of the buffer layer is less than 0.2 um, the etch-
ing stop position is not located within a range of variation
in the etching stop. The upper limit of the thickness of
the buffer layer is 1 wm or more, and preferably 1.5 pm
or more or 2 um or more because the crystal quality of
the surface layer can be made good when the buffer layer
has a larger thickness within a predetermined range.
From the standpoint of the relationship with a critical film
thickness in InP/GaSb, a thickness of the buffer layer of
0.2 wm or more is significantly larger than the critical film
thickness, which will be described in detail in the embod-
iments. When the degree of lattice mismatch is 0.038,
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the critical film thickness is estimated to be about 4 nm
(0.004 um) at most. Accordingly, the thickness of the
bufferlayeris severaltens times the critical film thickness.
The GaSb buffer layer has a thickness at least 50 times
the critical film thickness. The thickness of the GaSb buff-
er layer may be 100 times or more the critical film thick-
ness. Itis believed that this is because specific properties
such as a surfactant effect of Sb are also related.

From the standpoint of lattice matching, the InP sub-
strate/buffer layer constituted by a GaSb layer or a layer
equivalent to a GaSb layer is considered to function as
an alternative to a GaSb substrate. However, in the case
where a GaSb substrate is used, the GaSb substrate
receives light targeted by the light-receiving layer be-
cause GaSb has light absorption due to a free carrier in
the mid-infrared region. Since the substrate has a large
thickness, the absorption of target light by the GaSb sub-
strate causes a significant decrease in the responsivity.
As described above, since an InP substrate does not
absorb light having a wavelength of 3 wm or more, a good
responsivity can be maintained.

Since an InP substrate stably has a good crystal quality
compared with a GaSb substrate, characteristics of the
resulting light receiving element can be made uniform
and the yield can be improved. An InP substrate is ex-
cellentinterms of mass productivity because it is possible
to obtain an InP substrate having a diameter larger than
that of a GaSb substrate. Furthermore, an InP substrate
is very inexpensive, and thus a high-quality light receiving
element having high economical efficiency can be pro-
vided.

[0012] The InP substrate that is transparent to light
having a wavelength of 3 to 12 um is preferably an InP
substrate to which sulfur (S) is not added.

The transmittance of an InP substrate containing sulfur
(S) is decreased from a wavelength of 3 wm or more,
becomes close to almost zero at a wavelength of 5 um,
and becomes zero at a wavelength of 5 um or more.
Therefore, a sulfur-free InP substrate is used as the InP
substrate.

[0013] The InP substrate that is transparent to light
having a wavelength of 3 to 12 um is particularly prefer-
ably an Fe-containing InP substrate or an undoped InP
substrate.

When an Fe-containing InP substrate or an undoped InP
substrate is used, the InP substrate is transparent to light
having a wavelength of 3 to 12 um, thus enhancing the
responsivity of the light receiving element of the present
invention, which receives light in this wavelength range.
[0014] The light-receiving layer may have a p-n junc-
tion therein.

With this structure, it is possible to provide a light receiv-
ing element for the infrared region, the light receiving
element having a p-i-n structure and a high responsivity.
[0015] The light-receiving layer may include an inser-
tion layer that is composed of a group IlI-V compound
semiconductor and that is lattice-matched with the light-
receiving layer, and a bottom of a conduction band of the
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insertion layer may be higher than a bottom of a conduc-
tion band of the light-receiving layer.

With this structure, it is possible to provide a light receiv-
ing element for the infrared region, the light receiving
element having a high responsivity and an n-B-n (n-type
layer/barrier layer/n-type layer) structure. In addition, the
leak current can be reduced while reliably achieving the
independence of pixels.

[0016] The multiple quantum well structure in the light-
receiving layer of the light receiving element may be a
type- Il MQW selected from {(InAs/ GaSb), (InAs/ In-
GaSb), (InAsSb/ GaSb), and (InAsSb/ InGaSb) } .

With this structure, the light receiving element caninclude
a light- receiving layer having a responsivity in the near-
to mid- infrared region (at a wavelength of 3 to 12 um) .
Note that the lattice parameter of InAs is 6.058 A, the
lattice parameter of GaSb is 6.095 A, the lattice param-
eter of Iny ,Ga, gSb is 6.172 A, and the lattice parameter
of InAsg g,Sbg og is 6.092 A.

[0017] The light receiving element may have a struc-
ture in which light is incident from a rear surface of the
InP substrate.

With this structure in which the rear surface of the InP
substrate functions as an incident surface, it is possible
to obtain a hybrid detecting device whose size is reduced
by connecting two-dimensionally arrayed light receiving
elements (pixels) to read-out electrodes of an ROIC by
a micro-bump bonding method so as to have a compact
structure. That is to say, a compact, user-friendly hybrid
detecting device cannot be obtained without using the
micro-bump bonding method. Furthermore, since the InP
substrate does not absorb light in the near- to mid-infra-
red region, a light receiving element having a high re-
sponsivity in this wavelength range can be obtained.
Herein, the structure in which light is incident from the
substrate side includes, for example, an anti-reflection
(AR) film provided on the rear surface of the substrate.
Two-dimensionally arrayed pixels (light receiving ele-
ments) also correspond to the structure because the pix-
els (light receiving elements) are arranged so that light
is to be incident from the rear surface of the substrate.
[0018] A detecting device according to the present in-
vention includes any of the light receiving elements de-
scribed above and a read-out integrated circuit (ROIC),
in which a pixel electrode in the light receiving element
is connected to a read-out electrode in the ROIC with a
bump interposed therebetween.

With this structure, it is possible to obtain a compact and
downsized detecting device having a high responsivity
in the near- to mid-infrared region.

[0019] A semiconductor epitaxial wafer according to
the present invention is formed by using a group IlI-V
compound semiconductor. The semiconductor epitaxial
waferincludes an InP substrate thatis transparent to light
having a wavelength of 3 to 12 wm and a buffer layer
located in contact with the InP substrate. A value of |a,
- a4|/aq exceeds a range of a normal lattice-matching
condition, where a, represents a lattice parameter of the
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buffer layer and a, represents a lattice parameter of the
InP substrate, and the buffer layer is constituted by a
GaSb layer.

[0020] Regarding epitaxial growth of the group IlI-V
compound semiconductor, and the normal lattice-match-
ing condition, etc., the description in the light receiving
element applies as itis. The technical significance of the
buffer layer constituted by a GaSb layer is also the same
as described above. The technical significance of the
buffer layer constituted by a layer equivalent to a GaSb
layer is also the same as described above.

With the above structure, an InP substrate, which is
known to have a good crystal quality, is used, a buffer
layer having a lattice parameter that is not believed to be
lattice-matched with InP is formed using a GaSb layer or
the like, and thus the crystal quality of the buffer layer
can be made to be relatively good. An epitaxial layer that
is lattice-matched with the buffer layer can be grown on
this semiconductor epitaxial wafer. In a sense, a sub-
strate having a lattice parameter different from InP can
be realized while an InP substrate is used.

[0021] In the epitaxial wafer, the InP substrate that is
transparent to light having a wavelength of 3 to 12 um
may be an Fe-containing InP substrate or an undoped
InP substrate.

With this structure, a substrate having a large thickness
does not absorb light having a wavelength in the range
of 3to 12 wm. Thus, the responsivity of the light receiving
element according to the present invention, which re-
ceives light in this wavelength range, can be enhanced.
[0022] The epitaxial wafer may further include a first
semiconductor layer having a multiple quantum well
structure, the first semiconductor layer being lattice-
matched with the buffer layer.

With this structure, a first semiconductor layer having a
multiple quantum well structure and having a good crystal
quality can be grown so as to be lattice-matched with the
bufferlayer. Accordingly, a light receiving element having
a high responsivity in the infrared region can be obtained
by using an InP substrate having a high transmittance.
[0023] The multiple quantum well structure in the first
semiconductor layer of the semiconductor epitaxial wafer
may be a type- Il MQW selected from {(InAs/ GaSb),
(InAs/ InGaSb), (InAsSb/ GaSb), and (InAsSb/ InGaSb)
}.

With this structure, a semiconductor epitaxial wafer for
preparing a light receiving element having a high respon-
sivity in the near- to mid- infrared region (at a wavelength
of 3 to 12 wm) can be provided.

[0024] In a method for manufacturing a light receiving
element according to the present invention, a light re-
ceiving element in which a group IlI-V compound semi-
conductor is stacked on an InP substrate is produced.
This method includes the steps of preparing an InP sub-
strate that is transparent to light having a wavelength of
3 to 12 pm, forming a buffer layer in contact with the InP
substrate, and forming a light-receiving layer including a
multiple quantum well structure and having a cutoff wave-



9 EP 2 648 234 A1 10

length of 3 um or more, the light-receiving layer being
located in contact with the buffer layer and lattice-
matched with the buffer layer. In the step of forming a
buffer layer, the buffer layer is epitaxially grown from the
InP substrate while a lattice parameter a, of the buffer
layer and a lattice parameter a, of the InP substrate ex-
ceed a range of a normal lattice-matching condition, and
the buffer layer is constituted by a GaSb layer.

[0025] According to the above method, by using, as a
buffer layer, a GaSb layer or the like which is believed to
be a material that is not lattice-matched with an InP sub-
strate, it is possible to form a buffer layer having a good
crystal quality to such an extent that an MQW can be
epitaxially grown on an InP substrate. As a result, a light
receiving element having a high responsivity at a wave-
length of 3 wm or more can be obtained for the reason
described above. In addition, an InP substrate which has
a large diameter and which stably have a good crystal
quality is available, and thus a high-quality light receiving
element having high economical efficiency can be pro-
vided. Note that, as described above, the buffer layer
may be constituted by a layer equivalentto a GaSb layer.
[0026] Inthe method for manufacturing alightreceiving
element, the multiple quantum well structure in the light-
receiving layer may be a type- Il MQW selected from
{(InAs/ GaSb), (InAs/ InGaSb), (InAsSb/ GaSb), and (In-
AsSb/ InGaSb) } .

According to this method, a light receiving element hav-
ing a high responsivity in the near- to mid- infrared region
(at a wavelength of 3 to 12 um) can be easily produced.
[0027] In the step of forming a light-receiving layer, a
p-n junction may be formed in the light-receiving layer.
According to this method, it is possible to provide a light
receiving element for the infrared region, the light receiv-
ing element having a p-i-n structure and a high respon-
sivity.

[0028] In the step of forming a light-receiving layer, an
insertion layer that is composed of a group Ill-V com-
pound semiconductor and that is lattice-matched with the
light-receiving layer may be inserted in the light-receiving
layer, and a bottom of a conduction band of the insertion
layer may be higher than a bottom of a conduction band
of the light-receiving layer.

According to this method, a light receiving element for
the infrared region, the light receiving element having an
n-B-n (n-type layer/barrier layer/n-type layer) structure
and a high responsivity can be produced while reducing
a leak current by reducing the depth of a trench of a mesa
structure.

[0029] Inamethod for manufacturing a semiconductor
epitaxial wafer according to the presentinvention, a sem-
iconductor epitaxial wafer in which a group IlI-V com-
pound semiconductor is stacked on an InP substrate is
produced. This method includes the steps of preparing
an InP substrate thatis transparentto light having a wave-
length of 3 to 12 wm and forming a buffer layer in contact
with the InP substrate. In the step of forming a buffer
layer, the buffer layer is epitaxially grown from the InP
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substrate while a lattice parameter a, of the buffer layer
and a lattice parameter a4 of the InP substrate exceed a
range of a normal lattice-matching condition, and the
buffer layer is constituted by a GaSb layer.

[0030] According to the above method, an InP sub-
strate, which is known to have a good crystal quality, is
used, and a buffer layer is formed using a material, such
as GaSb, having a lattice parameter significantly different
from InP. Thus, it is possible to obtain a buffer layer hav-
ing a relatively good crystal quality while the lattice-
matching condition significantly deviates from the range
of the normal lattice-matching condition. The thickness
of the buffer layer is not particularly limited but may be,
for example, 0.2 um or more. The thickness of the buffer
layer may be 1.5 pm or more, and furthermore, 2 um or
more. An epitaxial layer that is lattice-matched with the
buffer layer can be grown on this semiconductor epitaxial
wafer. Note that, as described above, the buffer layer
may be constituted by a layer equivalentto a GaSb layer.

Advantageous Effects of Invention

[0031] According to the light receiving element etc. of
the presentinvention, a light-receiving layer having a cut-
off wavelength of 3 um or more is obtained, and since
an InP substrate is used, the substrate does not absorb
lightin the target wavelength range. Therefore, it is pos-
sible to obtain a light receiving element having a high
responsivity in a wavelength range of 3 um or more.
Since an InP substrate stably has a good crystal quality,
a high-quality light receiving element etc. can be stably
obtained. Furthermore, the light receiving element etc.
of the present invention are excellent in terms of mass
productivity because an InP substrate having a large di-
ameter can be obtained. Brief Description of Drawings
[0032]

[Fig. 1A] Figure 1A shows a light receiving element
according to Embodiment 1 of the present invention,
and is a view showing a light receiving element in-
cluding two-dimensionally arrayed pixels.

[Fig. 1B] Figure 1B shows a light receiving element
according to Embodiment 1 of the present invention,
and is a view showing a light receiving element in-
cluding a single pixel.

[Fig. 2] Figure 2 is a chart showing the transmittance
of InP substrates.

[Fig. 3] Figure 3 is a chart showing the transmittance
of GaSb substrates.

[Fig. 4] Figure 4 is a cross-sectional view showing a
hybrid detecting device in which the light receiving
element shown in Fig. 1A and a read-out integrated
circuit are combined.

[Fig. 5] Figure 5 is a view showing a semiconductor
epitaxial wafer of the present invention.

[Fig. 6] Figure 6 is a flowchart of a method for man-
ufacturing the light receiving element shown in Figs.
1A and 1B.
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[Fig. 7] Figure 7 is a cross-sectional view showing a
light receiving element according to Embodiment 2
of the present invention.

[Fig. 8A] Figure 8A shows an epitaxial wafer accord-
ing to Embodiment 3 of the present invention.

[Fig. 8B] Figure 8B shows a light receiving element
according to Embodiment 3 of the present invention.
[Fig. 9] Figure 9is a chart showing the results of XRD
of a semiconductor epitaxial wafer of Present Inven-
tion Example in Example.

Reference Signs List

[0033] 1 InP substrate, 1a semiconductor epitaxial wa-
fer, 2 GaSb buffer layer, 3 light-receiving layer, 5 n-type
contact layer, 6 n-type region, 9 bump of light receiving
element, 10 light receiving element, 11 pixel electrode,
12 ground electrode, 12e wiring electrode, 15 p-n junc-
tion, 21 n*-type MQW, 22 n-type MQW, 23 barrier layer,
24 n*-type MQW, 35 anti-reflection film, 36 selective dif-
fusion mask pattern, 43 protective film, 50 hybrid detect-
ing device, 55 p-type contact layer, 70 read-out integrat-
ed circuit, 71 read-out electrode, 72 ground electrode,
73 insulating film, 79 bump, 101 InP (100) substrate
doped with Fe, P pixel.

Description of Embodiments
(Embodiment 1)

[0034] Figure 1A is a view showing a light receiving
element 10 according to Embodiment 1 of the present
invention, and shows a light receiving element in which
pixels are two- dimensionally arrayed. Figure 1 B is a
view showing a light receiving element including a single
pixel. These light receiving elements are each a light re-
ceiving element of the present invention. The description
of the light receiving element including two- dimension-
ally arrayed pixels covers the description of the light re-
ceiving element including a single pixel. Therefore, a de-
scription will now be made of the light receiving element
including two- dimensionally arrayed pixels.

Referring to Fig. 1A, the light receiving element 10 in-
cludes the following group lll- V semiconductor layered
structure:

<InP substrate 1/p-type GaSb bufferlayer 2/type Il (InAs/
GaSb) MQW/n- type contact layer 5>

Among these, the type Il (InAs/ GaSb) MQW functions
as a light- receiving layer 3. The MQW has a cutoff wave-
length of 3 um or more and has a responsivity to light in
the near- to mid- infrared region (having, for example, a
wavelength of 3 to 12 um) . Regarding this MQW, for
example, a unit of (InAs/ GaSb) constitutes one pair, and
about 100 to 300 pairs of (InAs/ GaSb) are preferably
formed. The thicknesses of the InAs and GaSb layers
are each preferablyin the range of 2to 7 nm, for example,
about 5 nm. Among the layers constituting the MQW,
GaSb layers forming several tens of pairs on the InP sub-
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strate 1 side are preferably doped with a p- type impurity
such as Be. Among the layers constituting the MQW,
InAs layers forming several tens of pairs on the contact
layer 5 side are preferably doped with an n- type impurity
such as Si so that the several tens of pairs on the contact
layer 5 side become n- type layers. Intermediate layers
between the several tens of pairs on the InP substrate 1
side and the several tens of pairs on the contact layer 5
side are not doped with an impurity so that the interme-
diate layers become i- type (intrinsic- type) layers. By
forming these conductivity type regions in the MQW, a
p- i- n photodiode can be produced.

A p- njunction or a p- i- n junction is formed in the MQW
3 by the doping or undoping of an impurity.

An electrode 11 of a pixel P is preferably composed of,
for example, an AuGeNi alloy so as to establish ohmic
contact with the n- type contact layer 5. A ground elec-
trode 12 is preferably composed of, for example, a
Ti/Pt/Au alloy so as to establish ohmic contact with a p-
type GaSb buffer layer 2. In this structure, since the elec-
trode is formed on the buffer layer, the buffer layer pref-
erably has a carrier concentration of 1E 18cm-3 or more.
Lightis incident from the rear surface of the InP substrate
1. An anti- reflection (AR) film 35 covers the rear surface
of the InP substrate 1 in order to prevent the incident light
from being reflected. This structure in which the AR film
35 is arranged on the rear surface of the InP substrate 1
is a structure for allowing light to be incident from the
substrate side. Furthermore, since a micro- bump bond-
ing method used for connecting to a read- out integrated
circuit is employed in the two- dimensional array of the
pixels P, light must be incident from the substrate side.
Accordingly, this two- dimensional array of the pixels P
is also the structure for allowing light to be incident from
the substrate side.

[0035] Features in the present embodiment lie in the
following points.

(1) A lattice parameter a of the InP substrate 1 is 5.869
A, and a lattice parameter a, of GaSb is 6.095 A. Accord-
ingly, |as- a4|/a; = 0.038 (3.8%) . Although the difference
in the lattice parameter between the underlayer and the
upper layer is very large, the GaSb buffer layer 2 has a
relatively good crystal quality and is epitaxially grown on
the InP substrate. The reason for this is not clear at
present. On the basis of comprehensive consideration
of the results of previous studies etc., it is believed that
a large thickness of the GaSb buffer layer and a specific
property such as a surfactant effect of Sb are also related
to the good crystal quality.

In general, the larger the degree of lattice mismatch, the
smaller the thickness of a layer to be grown must be
because the number of misfit dislocations increases and
an epitaxial film having a good crystal quality cannot be
obtained. Therefore, in the field of crystal growth, the
concept of a critical film thickness is provided, and it is
generally believed that an epitaxial film having a good
crystal quality cannot be obtained when the epitaxial film
has a film thickness equal to or larger than the critical
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film thickness. The critical film thickness is determined
by the equation of Matthews and Blakeslee based on the
mechanical equilibrium theory (for example, A. Braun et
al., Journal of Crystal Growth 241 (2002) pp. 231- 234)
or the equation of People and Bean based on the energy
equilibrium theory. A graph showing the relationship be-
tween the critical film thickness and the degree of lattice
mismatch on the basis of these formulate is shown in
"Masayoshi Umeno and Tetsuo Soga, Handbook of
Crystal Growth (edited by Hiroshi Komatsu, Kyoritsu
Shuppan Co., Ltd., 1995), p. 699". In InP/ GaSb, the de-
gree of lattice mismatch is 0.038 as described above.
Referring to the graph of the Handbook of Crystal Growth,
in this case, the critical film thickness is about4 nm (0.004
pm) on the basis of the equation of People and Bean,
and about 1 nm (0.001 wm) on the basis of the equation
of Matthews and Blakeslee.

As described above, the thickness of the GaSb buffer
layer 2 is preferably 0.2 um or more. Accordingly, in the
present embodiment, the thickness of the GaSb buffer
layer 2 is several tens times the critical film thickness.
Even on the basis of a critical film thickness of about 4
nm determined by the equation of People and Bean, by
which the critical film thickness is calculated as a large
value, the thickness of the GaSb buffer layer 2 is 50 times
or more the critical film thickness. The thickness of the
GaSb buffer layer 2 may be 100 times or more the critical
film thickness.

The GaSb buffer layer 2 grown on the InP substrate 1
has a mirror surface, and does not have irregularities on
a surface thereof and is flat. The full with at half maximum
(FWHM) of a main diffraction peak of XRD is preferably
300 seconds or less. In order to reliably realize the ohmic
contact, the p- type GaSb buffer layer 2 has a carrier
concentration of 1E 18 cm-3 or more.

(2) The InP substrate 1 has a bandgap energy of 1.35
eV. This bandgap corresponds to a wavelength of a little
less than 1 um. Therefore, the InP substrate 1 does not
absorb lighttargeted by the light- receiving layer 3. Figure
2 is a chart showing the results of the transmittance of
InP substrates each having a thickness of 350 um, the
transmittance being measured (at room temperature)
with a Fourier transform infrared spectrophotometer (FT-
IR) . A (high- resistance) InP substrate doped with Fe is
transparent in the range of a wavelength of 2 to 12 pum
and does not have an absorption band in this range. Fig-
ure 2 also shows the transmittance of an InP substrate
doped with sulfur. The transmittance of this InP substrate
doped with sulfur is almost zero at a wavelength of 5 um
ormore. A low transmittance at a wavelength of less than
5 pm is due to the influence of rough grinding of the rear
surface of the substrate. Since the transmittance is zero
at a wavelength of 5 wm or more, the sulfur- containing
InP substrate cannot be used as a substrate of a light
receiving element for the infrared region that is targeted
by the present invention.

In the case where a type- Il MQW having a cutoff wave-
length of 3 wm or more is formed, in general, a group llI-
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V compound semiconductor having a lattice parameter
larger than that of InP is used as the material forming the
MQW. When a group lll- V compound semiconductor
that is lattice- matched with InP is used, a cutoff wave-
length of 3 wm or more cannot be realized even in the
case where the difference in transition energy of an elec-
tron in light reception is reduced by using a type- [l MQW.
In the case where a cutoff wavelength of 3 um or more
is realized by a type- Il MQW, for example, a GaSb sub-
strate is generally used. A group lll- V compound semi-
conductor having such a large lattice parameter often
has an absorption band in a wavelength range of the
near- to mid- infrared region. For example, GaSb has
absorption due to a free carrier in the mid- infrared region,
as shown in Fig. 3. Figure 3 is a chart showing the results
of the transmittance of GaSb substrates each having a
thickness of 500 pwm, the transmittance being measured
(at room temperature) with an FT- IR. Referring to Fig.
3, regarding an undoped GaSb substrate, the transmit-
tance is almost zero at a wavelength of 5 um or more.
Regarding a GaSb substrate doped with Te, the sub-
strate having a transmittance slightly higher than that of
the undoped GaSb substrate, the transmittance gradu-
ally decreases from about 70% at a wavelength of about
5 wm, becomes about 50% at a wavelength of about 6.5
pwm, and decreases to 25% or less at a wavelength of 8
pmor more. ltis difficult to use the GaSb substrate show-
ing the above-described transmittance in alightreceiving
element that targets the infrared region. After an epitaxial
waferis produced, for example, itis necessary to remove
the GaSb substrate or to significantly reduce the thick-
ness of the GaSb substrate. In such a case, the number
of steps is increased and the quality is degraded.
However, according to the above structure, the GaSb
buffer layer 2 having a good crystal quality can be grown
on an InP substrate, which has no absorption band in the
near- to mid- infrared region, and a type- Il (InAs/ GaSb)
MQW having a cutoff wavelength of 3 wm or more is
formed on the GaSb buffer layer 2. In this case, the InP
substrate 1 having a large thickness does not absorb
target light. As a result, the responsivity to target light
can be improved. (3) An InP substrate having a good
crystal quality can be stably obtained, compared with a
GaSb substrate. Therefore, even when a structure of InP
substrate 1/GaSb buffer layer 2/light- receiving layer 3
having an (InAs/ GaSb) MQW is formed by epitaxial
growth, a light- receiving layer 3 having an (InAs/ GaSb)
MQW and having a good crystal quality can be obtained
at any position and in any occasion. As a result, an ele-
ment having uniform characteristics can be produced
with a high yield.

Furthermore, an InP substrate is excellent in terms of
mass productivity because a substrate having a large
diameter can be obtained compared with a GaSb sub-
strate. Furthermore, an InP substrate is more inexpen-
sive than a GaSb substrate. Thus, a light receiving ele-
ment 10, and furthermore, a detecting device 50 that are
excellent in terms of economical efficiency can be pro-
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vided.

[0036] Figure 4 is a view showing a hybrid detecting
device in which the light receiving element 10 shown in
Fig. 1 A is connected to a read-out integrated circuit 70
formed on silicon (Si). The read-out integrated circuit 70
is composed of a CMOS. A pixel electrode 11 that is
electrically connected to an n-type contact layer 5 is elec-
trically connected to a read-out electrode 71 with a bump
9 of the pixel electrode 11 and a bump 79 of the read-
out electrode 71, the bumps 9 and 79 being interposed
between the pixel electrode 11 and the read-out elec-
trode 71. A ground electrode 12 that is electrically con-
nected to a p-type buffer layer 2 is electrically connected
to a wiring electrode 12e that extends along a protective
film 43 and that has the same height as the height of the
pixel electrode 11. The wiring electrode 12e is electrically
connected to a ground electrode 72 of the CMOS with
bumps interposed therebetween.

According to the above-described connection with a
bump, the connection being established by the micro-
bump bonding method, a compact and downsized de-
tecting device can be obtained even when a pixel pitch
is reduced so that pixels are arranged at a high density.
[0037] Figure5isaplanview showing asemiconductor
epitaxial wafer 1ain the course of preparation of the light
receiving element 10 shown in Figs. 1A and 1 B. In the
case of a chip (light receiving element) which has a size
of 8.5 mm x 10 mm and in which about 80,000 pixels are
arranged in the vertical direction and the horizontal di-
rection with a 30 um pitch, about 11 chips can be obtained
from an InP substrate having a diameter of 2 inches,
though it depends on the specification of the light receiv-
ing element 10. About 52 chips can be obtained from an
InP substrate having a diameter of 4 inches. As described
above, high mass production efficiency can be achieved
by using an InP substrate having a large diameter, com-
pared with the case where a GaSb substrate is used.
The semiconductor epitaxial wafer 1a shown in Fig. 5 is
in a state where a GaSb buffer layer is grown on an InP
substrate. The GaSb buffer layer has a thickness of 1
wm or more, has a mirror surface, and does not have
irregularities on a surface thereof and is flat. In addition,
the FWHM of a main peak of XRD is 300 seconds or less.
However, |a, - a4|/a; = about 0.038 (3.8%). Itis believed
that this good crystal quality is due to a large thickness
of the GaSb buffer layer.

The light receiving element 10 is cut out from the semi-
conductor epitaxial wafer 1a into pieces in a state where
a light-receiving layer 3, a contact layer 5, a mesa struc-
ture, and electrodes 11 and 12 are formed thereon and
the outlines of the chips substantially become clear. Fig-
ure 5 is a view showing a state where the GaSb buffer
layer 2 is formed.

[0038] Figure 6 is a flowchart showing a method for
manufacturing the light receiving element 10 shown in
Figs. 1A and 1B. First, an InP substrate is prepared, and
washed. A GaSb buffer layer 2 is then grown on the InP
substrate so as to have a thickness of 1 wm or more. The
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growing method is not particularly limited. For example,
a molecular beam epitaxy (MBE) method or a metal or-
ganic vapor phase epitaxy (MOVPE) method can be em-
ployed. After the buffer layer is grown, a light- receiving
layer 3 having a type- Il (InAs/ GaSb) MQW is grown.
Since the transition (light reception) of type- Il is conduct-
ed through the interface between InAs and GaSb, the
responsivity on the long- wavelength side is increased
with an increase in the number of interfaces. Therefore,
in the case where the responsivity on the long- wave-
length side is important, the MQW preferably includes
about 150 pairs or more in total. In order to form a p- n
junction in the light- receiving layer 3, i.e., MQW, GaSb
layers forming about 50 pairs of the MQW on the side
close to the InP substrate 1 are doped with Be, which is
a p- type impurity, during the growth of the MQW. The
MQW formed thereafter is undoped so as to function as
an i- type (intrinsic- type) semiconductor. Subsequently,
InAs layers forming the last about 50 pairs of the MQW
are doped with Si, which is an n- type impurity. Thus, a
p- i- n type or n- i- p type photodiode can be obtained.
The p-i- njunction is also a type of p- n junction. In some
structures, only a p- i junction may be present in the light-
receiving layer. However, when a region with which an
electrode comes in contact is also considered, the p- i
junction is considered to be a p- i- n junction. This p-i-n
junction can also be interpreted as a p- n junction located
in the light- receiving layer.

Next, a mesa structure in which a trench is provided be-
tween pixels P is formed by etching. The etching is con-
ducted by wet etching using phosphoric acid, hydrogen
peroxide water, and water or by dry etching using hydro-
gen iodide or silicon chloride gas. Consequently, each
pixel P becomes independent from the surrounding pix-
els, thereby preventing crosstalk etc. Next, as shown in
Fig. 1, the surface of the mesa structure is covered with
a protective film (passivation film) 43 that protects the
surface. For example, a SiO, film may be used as the
protective film (passivation film) 43.

Subsequently, a pixel electrode 11 and a ground elec-
trode 12 are formed by photolithography.

[0039] The light receiving element 10 includes the InP
substrate 1, the GaSb buffer layer 2 provided on the InP
substrate 1, and the light-receiving layer 3 provided on
the GaSb buffer layer 2, the light-receiving layer 3 having
a type-ll (InAs/GaSb) MQW and having a cutoff wave-
length of 3 wm or more. Accordingly, even in the case
where light is incident from the rear surface of the sub-
strate, the responsivity can be increased because the
InP substrate 1 having a large thickness does not absorb
light having a target wavelength.

By using an InP substrate having a good crystal quality,
the light-receiving layer 3 having a type-Il (InAs/GaSb)
MQW having a low lattice defect density can be obtained,
though the reason for this is not exactly clear. Thus, the
dark current of the light receiving element can be re-
duced.

Furthermore, since an InP substrate is more inexpensive
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than GaSb, it is possible to provide a light receiving ele-
ment and a detecting device that are excellent in terms
of economical efficiency.

(Embodiment 2)

[0040] Figure 7 is a cross-sectional view showing a
light receiving element 10 according to Embodiment 2 of
the present invention. In this light receiving element 10,
pixels P each include, as main portions, an n-type region
6 formed by selective diffusion from an opening of a SiN
selective diffusion mask pattern 36, and a p-n junction
15 located on the leading end of the n-type region 6. The
p-n junction 15 reaches the inside of a light-receiving
layer 3. As described above, the p-n junction 15 may be
a p-i junction. Each of the pixels P is isolated from sur-
rounding pixels by a region that is not subjected to the
selective diffusion.

The layered structure of the group IllI-V compound sem-
iconductor is <InP substrate 1/p-type GaSb buffer layer
2/light-receiving layer 3 having type Il (InAs/GaSb)
MQW/p-type contact layer 55>. In the present embodi-
ment, a region with which a pixel electrode 11 comes in
contact is the n-type region 6 in which an n-type impurity
is selectively diffused. The pixels P are isolated from each
other by a region that is not subjected to the selective
diffusion and crystal layers maintain the states as they
are. Accordingly, unlike a mesa structure, side walls of
the pixels are not exposed, and thus crystals are not eas-
ily damaged. As a result, a low dark current is easily re-
alized.

Regarding other structures and operations, the descrip-
tion in Embodiment 1 applies to the present embodiment
asitis.

(Embodiment 3)

[0041] Figure 8Ais a cross- sectional view showing an
epitaxial wafer according to Embodiment 3 of the present
invention, and Fig. 8B is a cross- sectional view showing
a light receiving element 10 according to Embodiment
3 of the present invention. The epitaxial wafer shown in
Fig. 8A has the following layered structure.

<InP (100) substrate 101 doped with Fe/ GaSb buffer
layer 2 doped with Te/ light- receiving layer having n*-
type MQW 21 composed of (InAs/ GaSb) / light- receiving
layer having n- type MQW 22 composed of (InAs/ GaSb)
/barrierlayer 23 having bottom of conduction band higher
than those of the MQWs disposed thereon and thereun-
der/ contact layer having n*- type MQW 24 composed of
(In- As/ GaSb) >

Out of the n*- type MQW 21 and the n- type MQW 22
that form a light- receiving layer, the n*- type MQW 21
including several tens of pairs, for example, 60 pairs and
located on the side adjacent to the buffer layer 2 has an
n- type carrier concentration of 2E18 cm3 or more. In
this case, InAs is doped with silicon (Si), which is an n-
type impurity, and GaSb is not doped. The n- type MQW
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22 composed of (InAs/ GaSb) and located on the n*- type
MQW 21 includes, for example, 100 pairs and has an n-
type carrier concentration of 1E16 cm-3. The barrier layer
23 has a wide bandgap and may be composed of Al-
GaSb, AlAsSb, or the like having a bottom of a conduction
band higher than bottoms of conduction bands of the
MQWs disposed thereon and thereunder. The barrier lay-
er 23 is usually a single layer but may have an MQW. A
contact layer on which a pixel electrode 11 is to be ar-
ranged includes, for example, about 20 pairs and is the
n*- type MQW 24 having a carrier concentration of 2E18
cm-3 or more.

[0042] In the light receiving element 10 shown in Fig.
8B, only the contact layer formed of the n*-type MQW 24
or the contact layer and a portion of the barrier layer are
mesa-etched, thereby isolating a pixel P from a periph-
eral portion. Although not shown in the figure, in the case
where the pixels are arrayed, only the contact layer
formed of the n*-type MQW 24 is mesa-etched, thereby
isolating a pixel from adjacent pixels. The pixel electrode
11 is composed of a Ti/Pt/Au alloy or the like so as to
establish ohmic contact with the n-type contact layer
formed of the n*-type MQW 24. A ground electrode 12
is preferably composed of a Ti/Pt/Au alloy or the like so
as to establish ohmic contact with the n*-type MQW 21
located to be in contact with the butter layer 2. In the
present embodiment, the pixel electrode 11 and the
ground electrode 12 are each an n-side electrode.

In the light receiving element 10 according to the present
embodiment, among electron-hole pairs generated by
light reception, a hole that diffuses and reaches a pixel
electrode is captured, thereby detecting the light recep-
tion. Since the movement of a hole to the pixel electrode
is caused by diffusion, the depth of a trench of a mesa
structure that isolates pixels can be reduced. As a resullt,
anoise current flowing in a side wall of the mesa structure
can be suppressed to be low.

In order to produce a detecting device, the surface is
covered with an AR film, a protective film, etc., as in Em-
bodiment 1. Furthermore, the pixel electrode 11 is elec-
trically connected to a read-out electrode of an ROIC with
bumps interposed therebetween. Ground electrodes are
also electrically connected to each other.

In the present embodiment, advantages etc. achieved
by providing the GaSb buffer layer 2 on the InP substrate
are common to those in Embodiments 1 and 2.

EXAMPLE

[0043] The semiconductor epitaxial wafer 1a shown in
Fig. 5 was prepared and verification was conducted. A
method for preparing the semiconductor epitaxial wafer
of Present Invention Example is as follows.

<Preparation method>:

[0044] A GaSb buffer layer was grown on an InP sub-
strate by an MBE method. The GaSb buffer layer was
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grown ataratio V/IIl of 3.9 and at a substrate temperature
of 400°C so as to have a thickness of 2 um. The growth
rate was 1.1 pm/hour (about 1 ML/sec). A semiconductor
epitaxial wafer prepared by the above method was ob-
served with a metallurgical microscope, and an XRD
measurement of the semiconductor epitaxial wafer was
also conducted.

<Observation with metallurgical microscope>:

[0045] The surface of the GaSb butter layer was a mir-
ror surface. In addition, the surface was flat and smooth.
Furthermore, no fine irregularities etc. were observed.

<XRD>:

[0046] The results are shown in Fig. 9. Figure 9 shows
not only a sharp main peak (100) attributable to the InP
substrate but also a main peak attributable to the GaSb
buffer layer. Although the main peak of the GaSb buffer
layeris not as good as the main peak of the InP substrate,
the FWHM of the main peak of the GaSb buffer layer is
218.5 seconds, the FWHM being an index of a crystal
quality. This result shows a good crystal quality.

The main diffraction peak of the InP substrate and the
main diffraction peak of GaSb were observed in a state
where the entire surface of the InP substrate was covered
with the GaSb buffer layer. Accordingly, it is believed that
the main diffraction peak of the GaSb buffer layer is due
to the total thickness of the GaSb buffer layer.

From the difference Ao in the diffraction angle between
the main peak of the InP substrate and the main peak of
the GaSb buffer layer, |ay- a4|/a; = Aa/a could be calcu-
lated and was 0.0382. In the case where the difference
in the lattice parameter between an underlayer (InP sub-
strate) and an upper layer (GaSb buffer layer) is large, it
is usually difficult to obtain a GaSb buffer layer having a
mirror surface. It is believed that a large thickness of the
buffer layer provides a beneficial effect.

[0047] According to the semiconductor epitaxial wafer
1a, a light-receiving layer having a type-Il MQW and hav-
ing a large lattice parameter can be grown in contact with
the GaSb buffer layer having a good crystal quality. This
light-receiving layer has a cutoff wavelength of 3 um or
more, and the InP substrate does not absorb light in this
wavelength range. In contrast, in the case where a GaSb
substrate is used, the GaSb substrate has an absorption
band due to a free carrier in the wavelength range. Since
the substrate has alarge thickness, this absorption caus-
es a significant decrease in the responsivity. As in
Present Invention Example, by using an InP substrate,
the problem of the absorption by a substrate is avoided,
and a high responsivity can be maintained at a wave-
length of 3 wm or more.

[0048] Embodiments and Example of the present in-
vention have been described above. The embodiments
and Example of the present invention disclosed above
are only illustrative, and the scope of the present inven-
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tion is not limited to these embodiments of the invention.
It is to be understood that the scope of the present in-
vention is defined by the description of Claims and in-
cludes the equivalents of the description in Claims and
all modifications within the scope of Claims.

Industrial Applicability

[0049] According to the light receiving element etc. of
the present invention, a high responsivity can be main-
tained over the near-to mid-infrared region. Furthermore,
since an InP substrate, which has a stable quality, which
can have alarge diameter, and which is excellentin terms
of economical efficiency, is used as a substrate, a high
quality light receiving element etc. can be provided at a
low cost.

Claims

1. A light receiving element formed by using a group
11I-V compound semiconductor, the light receiving
element comprising:

an InP substrate that is transparent to light hav-
ing a wavelength of 3 to 12 um;

a buffer layer located in contact with the InP sub-
strate; and

alight-receiving layer having a multiple quantum
well structure and located in contact with the
buffer layer,

wherein the light-receiving layer has a cutoff
wavelength of 3 wm or more and is lattice-
matched with the buffer layer,

the buffer layer is epitaxially grown on the InP
substrate while a value of |a, - a;|/a; exceeds a
range of a normal lattice-matching condition,
where a, represents a lattice parameter of the
buffer layer and a; represents a lattice param-
eter of the InP substrate, and

the buffer layer is constituted by a GaSb layer.

2. The light receiving element according to Claim 1,
wherein the InP substrate that is transparent to light
having awavelength of 3to 12 umis an InP substrate
to which sulfur (S) is not added.

3. The light receiving element according to Claim 1 or
2, wherein the InP substrate that is transparent to
light having a wavelength of 3 to 12 um is an Fe-
containing InP substrate or an undoped InP sub-
strate.

4. The light receiving element according to any one of
Claims 1 to 3, wherein the light-receiving layer has

a p-n junction therein.

5. The light receiving element according to any one of
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Claims 1 to 3, wherein the light-receiving layer in-
cludes an insertion layer that is composed of a group
I1I-V compound semiconductor and that is lattice-
matched with the light-receiving layer, and a bottom
of a conduction band of the insertion layer is higher
than a bottom of a conduction band of the light-re-
ceiving layer.

The light receiving element according to any one of
Claims 1 to 5, wherein the multiple quantum well
structure is a type- |l multiple quantum well structure
selected from {(InAs/ GaSb), (InAs/ InGaSb), (In-
AsSb/ GaSb), and (InAsSb/ InGaSb) } .

The light receiving element according to any one of
Claims 1 to 6, wherein the light receiving element
has a structure in which light is incident from a rear
surface of the InP substrate.

A detecting device comprising the light receiving el-
ement according to any one of Claims 1 to 7; and a
read-out integrated circuit (ROIC), wherein a pixel
electrode in the light receiving element is connected
to a read-out electrode in the ROIC with a bump in-
terposed therebetween.

A semiconductor epitaxial wafer formed by using a
group IlI-V compound semiconductor, the semicon-
ductor epitaxial wafer comprising:

an InP substrate that is transparent to light hav-
ing a wavelength of 3 to 12 um; and

a buffer layer located in contact with the InP sub-
strate,

wherein a value of |a, - a;|/a; exceeds a range
of a normal lattice-matching condition, where a,
represents a lattice parameter of the buffer layer
and a, represents a lattice parameter of the InP
substrate, and

the buffer layer is constituted by a GaSb layer.

The semiconductor epitaxial wafer according to
Claim 9, wherein the InP substrate thatis transparent
to light having a wavelength of 3 to 12 um is an Fe-
containing InP substrate or an undoped InP sub-
strate.

The semiconductor epitaxial wafer according to
Claim 9 or 10, further comprising a first semiconduc-
tor layer including a multiple quantum well structure,
the first semiconductor layer being lattice-matched
with the buffer layer.

The semiconductor epitaxial wafer according to
Claim 11, wherein the multiple quantum well struc-
ture is a type- Il multiple quantum well structure se-
lected from {(InAs/ GaSb), (InAs/ InGaSb), (InAsSb/
GaSb), and (InAsSb/ InGaSb) } .

10

20

25

30

35

40

45

50

55

12

13.

14.

15.

16.

17.

22

A method for manufacturing alight receiving element
in which a group IlI-V compound semiconductor is
stacked, the method comprising the steps of:

preparing an InP substrate that is transparent to
light having a wavelength of 3 to 12 um;
forming a buffer layer in contact with the InP sub-
strate; and

forming a light-receiving layer including a multi-
ple quantum well structure and having a cutoff
wavelength of 3 wm or more, the light-receiving
layer being located in contact with the buffer lay-
er and lattice-matched with the buffer layer,
wherein, in the step of forming a buffer layer, the
buffer layer is epitaxially grown on the InP sub-
strate while a lattice parameter a, of the buffer
layer and a lattice parameter a, of the InP sub-
strate exceed a range of a normal lattice-match-
ing condition, and the buffer layer is constituted
by a GaSb layer.

The method for manufacturing a light receiving ele-
ment according to Claim 13, wherein the multiple
quantum well structure is a type- Il multiple quantum
well structure selected from {(InAs/ GaSb), (InAs/
InGaSb), (InAsSb/ GaSb), and (InAsSb/ InGaSb) } .

The method for manufacturing a light receiving ele-
ment according to Claim 13 or 14, wherein, in the
step of forming a light-receiving layer, a p-n junction
is formed in the light-receiving layer.

The method for manufacturing a light receiving ele-
ment according to Claim 13 or 14, wherein, in the
step of forming a light-receiving layer, an insertion
layer that is composed of a group 1lI-V compound
semiconductor and that is lattice-matched with the
light-receiving layer is inserted in the light-receiving
layer, and a bottom of a conduction band of the in-
sertion layer is higher than a bottom of a conduction
band of the light-receiving layer.

A method for manufacturing a semiconductor epi-
taxial wafer including a group Ill-V compound sem-
iconductor, the method comprising the steps of:

preparing an InP substrate that is transparent to
light having a wavelength of 3 to 12 um; and
forming a buffer layer in contact with the InP sub-
strate,

wherein, in the step of forming a buffer layer, the
bufferlayer is epitaxially grown from the InP sub-
strate while a lattice parameter a, of the buffer
layer and a lattice parameter a, of the InP sub-
strate exceed a range of a normal lattice-match-
ing condition, and the buffer layer is constituted
by a GaSb layer.
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